1. The development of bream populations, water transparency, chlorophyll-a concentration, extent of submerged vegetation and densities of the zebra mussel, Dreissena polymorpha, were analysed in three shallow eutrophic lake systems subject to different fish management. 2. In Lake Veluwemeer, the bream population was reduced from c. 100 to 20 kg ha )1 after 5 years of fishing. The mortality caused by the fishery was estimated at 38% of bream >15 cm in addition to a 13% natural mortality of bream >17 cm. The decline was followed by an expansion of the Chara beds present in the shallow parts, an increase in water transparency in the open-water zone, an increase in the density of zebra mussels and a decrease in chlorophyll-a concentrations. 3. The newly created Lake Volkerak showed trends opposite to those in Lake Veluwemeer. Bream colonised the lake in 1988 and reached a biomass of c. 140 kg ha )1 in 1998.
Introduction
Bream (Abramis brama L.) is usually a dominant fish species in eutrophic lakes in Europe, particularly in the Netherlands (Lammens, 1989) . With increasing eutrophication of lakes, submerged vegetation has declined and new habitat for bream (i.e. turbid open water) has been created. Since the beginning of the 1970s, bream have dominated most Dutch lakes and although nutrient loads have decreased significantly since the late 1980s (Meijer, 2000) , bream stocks have not responded by a decline and water transparency of most lakes is still low. In a number of lakes, particularly in Europe and North America, additional measures have been taken by way of biomanipulation (Hansson, 1998; Meijer, 2000; Lathrop et al., 2002; Mehner et al., 2002) . The evaluation of these cases showed that biomanipulation can speed up the recovery process, but the duration of the effect depends on the nutrient concentration in the lake. In many of these biomanipulation studies, the main species to be removed is bream and the reduction takes only a few days to a few months depending on the size of the lake. In the Netherlands, the position of bream in the fishery market has changed considerably since the 1990s. As the demand for bream by angling clubs in Belgium has increased and at the same time the eel fishery has steadily decreased, several commercial fishermen switched to bream fishery. As a consequence, in many lakes, unintended biomanipulation is taking place in the entire lake ecosystem.
The aim of this study was to evaluate some of these unintended biomanipulations in lakes based on a sufficient set of data to be able to detect ecosystem effects. We evaluated the effect of the fishery on the bream populations in the Frisian lake district and the well-studied Lake Veluwemeer by comparing the natural mortality before the fishery started with the mortality caused by the fishery. We used an individual-based model to estimate the mortality of bream and to analyse the results of the fishery in these two lake systems. Subsequently, we evaluated the effect on the ecosystem by comparing system-variables such as water transparency, chlorophyll-a concentration and submerged vegetation cover. In a third lake, Lake Volkerak, we followed the development of the bream population since the origin of the lake and at the same time monitored the same system-variables as in the other lakes, hypothesising that the ecosystem changes over time would be opposite to those observed in the two other lake systems.
Methods

Study site
The Frisian lake district consists of 13 lakes with a total surface area of 10 000 ha. The size of individual lakes varies from 200 to 2000 ha. The depth of the lakes averages 1.5 m with little variation among lakes. All lakes are interconnected by channels and fish can migrate freely between the lakes. Lake Veluwemeer was created in 1957 as a result of land reclamation from Lake IJsselmeer and has a surface area of 3400 ha with an average depth of 1.5 m. Lake Volkerak was created in 1987 by closing a dam in the eastern part of the Eastern Scheldt estuary, enclosing 4500 ha. The average depth is 5.2 m.
The bream populations
The bream populations were monitored with two types of trawls. The first had an effective opening of 7 m, a height of 1 m and a cod-end mesh size of 12 mm (knot to knot), and was used for fishing shallow parts of the lakes (<1 m). The other trawl had an effective opening of 10 m, a height of 4 m and a cod-end mesh size of 10 mm (knot to knot), and was mainly used for fishing in deeper water (>1 m). Both nets were trawled with a speed of c. 1.5 m s )1 during 10 min per haul.
Bream were counted and measured to the nearest 0.5 cm. We counted and measured all fish in the size classes containing <100 fish. From the remaining size classes, we took representative subsamples to measure 50-100 fish per sample. The subsample was weighed to estimate its proportion in the total sample. The biomass of the bream population per hectare was calculated by dividing the total catch by the lake surface area covered and correcting for size-dependent catch-efficiency according to Lammens & Klein Breteler (1995) and Klinge (1999 
Monitoring the submerged vegetation
Between 1969 and 1987, aquatic macrophytes in Lake Veluwemeer were monitored irregularly. In general, the outlines of beds of Chara spp., Potamogeton pectinatus L. and P. perfoliatus L. were mapped by aerial photographs in combination with field observations. Since 1987, macrophytes were recorded much more accurately by estimating the cover of all species in quadrats located in a 100 · 100 m grid over the lake. A rake was used to determine the cover and species composition per 1 ha quadrat (Coops & Doef, 1996; Van den Berg, 1999) . In Lake Volkerak, the per cent vegetation cover was estimated by scuba divers in 50 plots of 10 · 10 m randomly selected across the whole depth range of the lake.
Monitoring the zebra mussels Zebra mussels (Dreissena polymorpha Pallas) were sampled with a box core (780 cm 2 ) at 25 locations in the open water of Lake Veluwemeer. Three samples were taken at each location and the individuals >7 mm were counted.
The commercial fishery
The seine fishery was conducted during the winter months (November to March) when the eel fishery was not paying. The fishermen used seines of 680 m in length, which were operated with winches using 1500 m ropes connected to the wings of the seine. The mesh size of the cod-end was 40 mm, knot to knot. Usually two to three hauls were made per day at a speed of 10-20 cm s )1
. The total bream catch of each haul was weighed to determine the total fish biomass removed from the lakes per year.
Modelling the bream population
An individual-based model was used to describe the dynamics of the bream populations in terms of numbers and biomass per length-class and year-class on a daily basis (Van Nes, Lammens & Scheffer, 2002) and to evaluate whether fishery or other factors were the main cause of the interannual changes observed in the populations densities of bream in our study lakes. Growth, mortality and recruitment are the basic components of the model. Growth and mortality were calibrated using recruitment and temperature as input variables. Recruitment and calibration are specific to the lakes examined in the present study and are described here. Because the recruitment was assessed as the density of 0+ bream found in the three lake systems during monitoring in September or October each year, the model run started in October.
The parameters for growth and mortality had to be adjusted in order to fit the growth and mortality in the lake with the growth and mortality in the model. The model was parameterised in three steps for each of the three lakes: (1) adjusting the growth curve, (2) adjusting the mortality in the unfished conditions and (3) adjusting the mortality using the seines. We used the Controlled Random Search (CRS) technique (Price, 1979) to find the best fit in each of these three steps. As goodness-of-fit criterion we used the least sum of squares to establish the best fit, and used a conservative stop criterion at a convergence of 0.05. For temperature, we used data sets of daily measured or interpolated (Mooij & Van Tongeren, 1990 ) values recorded at 3-5 points in each lake.
To parameterise growth curves of bream in each of the three lake systems, we used published length data of the year-classes (Lammens, 1982; Backx, 1989; Lammens, 1996) . We varied the growth rate between 0.7 and 1 of the maximal growth rate. To parameterise the mortality, we used 0+ densities as input data and the CRS technique to fit the simulated biomass with Bream populations and water quality 2437 the biomass observed in the field. We parameterised the mortality caused by seine fishery to fit the simulated change in biomass with the change obtained by CRS and using the least sum of squares to establish the best fit. We assumed that the estimated growth and mortality were not affected by the seine fishery.
Results
Lake Veluwemeer
The biomass of the bream population in Lake Veluwemeer was c. 100 kg ha )1 in the beginning of the 1990s, but decreased to c. 20 kg ha )1 at the end of the 1990s (Fig. 1a) . The best fit of measured and simulated biomass in the period before the seine fishery started was obtained with an estimated growth of 88% of the maximal growth and an estimated annual mortality of 65% for small bream and 13% for large bream with a gradual change around 17 cm length. The mortality because of the seine fishery of bream >15 cm was estimated to be 38%, superimposed on the natural mortality. The catches of the commercial fishermen were somewhat higher than the simulated catches necessary to reduce the population to c. 20 kg ha )1 (Fig. 1b) .
The decrease of the bream population was followed by an increase in the Secchi depth of the lake from 40 to 100-120 cm and a rapid expansion of the Chara beds from 15 to 65% cover (Fig. 1c) . Chlorophyll-a concentrations decreased from c. 50 lg L )1 between 1980 and 1995 to c. 10 lg L )1 after 1995. The decrease began 2 years after the decline of the bream population and coincided with a rapid increase in the density of zebra mussels (Fig. 1d) .
The Frisian lakes
The biomass of the bream population varied between 100 and 250 kg ha )1 between 1985 and 1994 and showed a 4-year cycle (Fig. 2a) . The best fit of the measured biomass for the first 5 years, when there was no fishery, was obtained with an estimated growth of 88% of the maximal growth and an estimated annual mortality of 70% for small bream and 15% for large bream with a gradual change around 15 cm length. The best fit for the second period was obtained by an estimated 26% mortality of fish >15 cm by seine fishing in addition to the natural mortality (Fig. 2b) . The seine fishery in the Frisian lakes did not appear to affect the bream population: although high catches of 40-50 kg ha )1 (Fig. 2b) were realised, the difference in biomass of the bream population before and after the fishery started was not significant (P > 0.65 , Mann-Whitney U-test). The catches of the commercial fisherman were slightly higher than the simulated catches necessary to fit the population to the measured biomass (Fig. 2b) .
Chlorophyll-a concentrations decreased slightly from c. 120 lg L )1 in 1984 to c. 100 lg L )1 in 1992.
In 1993, there was a sudden decrease to c. 70 lg L )1 .
Secchi depth did not change until 1993 when it increased from 28 to 38 cm (Fig. 2c) .
Lake Volkerak
The biomass of the bream population increased from c. 1 kg ha )1 in 1988 to 140 kg ha )1 in 1998 (Fig. 3a) .
The best fit of the first period was obtained with an estimated growth of 99% of the maximal growth and an estimated annual mortality of 69% for small bream and 14% for large bream with a gradual change around 15 cm length.
As bream became the dominant species in the lake, the water transparency decreased from a maximum of 3 m in 1990 to c. 1 m in 1998 (Fig. 3b) . Concomitantly, the chlorophyll-a concentration increased from a minimum of 5 lg L )1 to a maximum of 45 lg L )1 .
Vegetation first increased to a maximum of 20% cover of the total lake area in 1992, but subsequently decreased to 10% when water transparency was reduced (Fig. 3b) .
Discussion
The present studies in Lake Veluwemeer, Lake Volkerak and the Frisian lakes provide insight into the effects of bream on the dynamics of shallow eutrophic lakes, although they were not originally designed as biomanipulation experiments.
The recovery of Lake Veluwemeer
The simultaneous increase in water transparency, extent of Chara cover and density of zebra mussels following the decline in the bream population suggests that the recovery of Lake Veluwemeer was triggered by the commercial bream fishery started in the early 1990s. The annual catch of bream reported by the local commercial fisherman and our model indicate that the removal of bream was indeed sufficient to cause the observed decline of the population in the lake. Van den Berg (1999) and Meijer (2000) suggested that the expansion of Chara beds in Lake Veluwemeer (for unknown reasons) resulted in a smaller foraging area for bream and thus a decrease in the population density of the fish. This hypothesis can clearly be refuted based on the present results, because bream declined before the Chara beds expanded. Therefore, and because foraging of bream is known to impair Chara (Ten Winkel & Meulemans, 1984) , it is also unlikely that the expansion of Chara, rather than fish removal, ultimately induced the improvement of water quality in the lake (Van den Berg, 1999; Meijer, 2000) , although expansion of the macrophytes may have subsequently contributed to the positive effect (e.g. Mehner et al., 2002) . Evidence for this scenario remains inconclusive, however, because development of the lake, or of similar ones, in the continued presence of high fish densities is unknown. The observed increase in water transparency may also be related to increases in the density of zebra mussels and the consequent decrease in chlorophyll-a concentrations. Several examples of such consequences of the invasion of zebra mussels are reported in the literature. Baker et al. (1998) , for example, attributed the decline of cyanobacteria observed in the Hudson River to the invasion of zebra mussels, as did Smith et al. (1998) . Caraco et al. (1997) showed that the chlorophyll-a concentration in the Hudson River decreased from c. 30 to < 5 lg L )1
, concurrent with the invasion of the zebra mussels, and she demonstrated that this decline was actually caused by the zebra mussels. The invasion of zebra mussels to Lake Veluwemeer may also be related to the bream fishery, because sedimentation rates and chlorophyll-a concentrations changed significantly with changes in bream biomass (Breukelaar et al., 1994) . Bottom-feeding bream continuously stir up sediments, which then resettle and hamper the establishment of zebra mussels (Martel, 1993; Martel et al., 1994; Bially & MacIsaac, 2000) . In addition, the resuspension of sediment by bottom-feeding fish leads to enhanced internal P release to the water column, stimulating phytoplankton production (Hanson & Butler, 1994; Annadotter et al., 1999) .
At present, a large area of Lake Veluwemeer is covered with Chara beds and the total foraging area for bream has considerably decreased. If the fishery were stopped, the bream population may recover within a few years (Van de Bund & Van Donk, 2002) . However, the original density might not be attained, because the spread of submerged vegetation has reduced the foraging grounds for bream. The concomitant increase in water transparency exerts a further adverse effect on the bream population, because this species avoids clear water. As a result, the current carrying capacity of Lake Veluwemeer for the bream population has decreased. The stability of this state will largely depend on the interaction between bream, Chara, zebra mussels and nutrient loads.
The deterioration of water quality in Lake Volkerak Lake Volkerak, which was newly created in 1987 and subsequently colonised by bream, showed a trend opposite to the one observed in Lake Veluwemeer. Effects of eutrophication such as high chlorophyll-a concentrations and low water transparency (Breukers et al., 1997) became increasingly apparent as bream density increased. The time needed for the bream population to build up in the lake according to our model results was consistent with natural recruitment rates. Natural mortality was comparable with that in both Lake Veluwemeer and the Frisian lakes, and there was no indication that adult bream immigrated, although larvae were passively imported (Ligtvoet, Houthuizen & Grimm, 1991) . However, growth rates were much higher (almost maximal) than in the other lakes, resulting in a bream biomass as high as about 140 kg ha )1 by 1998.
The failure of the Frisian lakes to recover
Although a large part of the bream population was removed from the Frisian lakes, the losses were apparently compensated by higher recruitment and growth, fostered by higher water temperature in the years when fishing occurred (Fig. 4) . Natural mortality may also have been lower in those years, because the model predicted lower catches of fish to explain the observed biomasses (Fig. 2b) . However, our model did not reproduce the pronounced cyclic pattern of biomass changes over the years, indicating that it did not fully reflect the situation in the lakes.
Variations in growth and mortality as a result of varying food conditions for bream in the lakes may account for both the cyclic pattern and the discrepancy with the results of our model, which assumed constant growth and mortality rates. The slight improvement of water quality during the last year of the fishery indicated that bream removal may have had at least a slight effect on the lake. The slight decrease in chlorophyll-a concentrations and increase in water transparency in this year could be the result of a reduced fish population in winter, which subsequently recovered during the summer. Because we monitored fish densities only at the end of the summer, this possible decline during winter could not be seen in our catch data.
Conclusion
This study suggests that commercial exploitation of bream populations can have large consequences for the water quality of shallow eutrophic lakes. The strength of the effects depends on the efficiency of the fishery, fish recruitment success and temperature conditions. When natural death and fishery together lead to a mortality of bream ‡50%, bream populations are likely to decline, water transparency to increase and submerged macrophytes to develop. At an overall mortality of 40%, losses may be compensated by relatively high recruitment and temperature. Bream can then dominate the fish community and prevent zebra mussels and submerged macrophytes from establishing because of physical disturbance, enhanced internal P-loading and increased apparent sedimentation rates when resuspended sediments resettle. Conversely, when bream biomass is strongly reduced by an intense fishery, chances are high for zebra mussels and submerged macrophytes to develop, and a clear-water state to be established.
